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Successful mitosis depends critically on the
segregation of chromosomes by kinetochore
microtubules. A recent paper describes a conserved
protein network from Caenorhabditis elegans that is
composed of three classes of molecules, each of
which contributes uniquely to the building of the
kinetochore–microtubule attachment site.
Attachment sites within the kinetochore outer plate
generate microtubule-dependent forces for chromo-
some movement and regulate assembly of spindle
checkpoint proteins at the kinetochore. In budding
yeast, many of the protein complexes that serve as
building blocks linking centromeric DNA to kinetochore
microtubules are largely known (reviewed in [1]).
However, the identities of the molecules that anchor
polymerizing and depolymerizing microtubule plus-
ends into the metazoan kinetochore are only now
being discovered: homology with budding yeast
proteins has been clear in many cases, but not obvious
in others (reviewed in [1]). Equally elusive have been
the molecules that link the centromeric DNA-binding
proteins to the outer plate and to the microtubule
attachment sites within the metazoan kinetochore.
A recent paper by Cheeseman et al. [2] reports a
major step forward in understanding how metazoan
kinetochores build a functional microtubule-binding
site. This paper builds upon earlier work [3] in which
an RNA interference (RNAi) screen was used to iden-
tify genes in the nematode Caenorhabditis elegans
required for mitotic chromosome segregation. Desai
et al. [3] originally identified a gene encoding an
essential kinetochore protein they termed KNL-1, for
‘kinetochore null’. In the follow-up study [2], the
researchers used a novel purification method to iden-
tify KNL-1-interacting proteins and thereby discov-
ered a group of ten kinetochore proteins that play
central roles in building the kinetochore–microtubule
interface [2]. 
Cheeseman et al. [2] organized the proteins that
they identified into three phenotypic categories: ‘KNL’
proteins, which have a functionally null kinetochore
phenotype and form the ‘core’ on which to build the
attachment site; ‘MIS’ proteins, which control the rate
and extent of formation of the attachment site; and
‘NDC’ proteins, which sustain the tensions during
interactions with microtubules required to maintain a
productive attachment. The authors went on to show
that human cells have a remarkably similar set of
proteins that likely contribute to kinetochore function
in an analogous manner.
The ‘kinetochore null’ phenotype (Table 1) caused
by depeletion of KNL group proteins is characterized
by a failure to align chromosomes on a metaphase
plate, the absence of anaphase chromosome segre-
gation and premature separation of spindle poles.
Cheeseman et al. [3] contend that premature pole sep-
aration can be used as a ‘read-out’ for the mechanical
stability of the kinetochore-microtubule interface: nor-
mally, strong astral pulling forces are resisted by stable
kinetochore–microtubule connections and cohesion
between sister chromosomes [4]. Cheeseman et al. [3]
infer that, in C. elegans embryos exhibiting the KNL
phenotype, the kinetochores are unable to sustain
tension because of the lack of kinetochore–microtubule
attachment. KNL-1 and KNL-3 thus join the previously
characterized proteins CENP-A and CENP-C, depletion
of which also results in a kinetochore null phenotype
[4]. Importantly, database searching for conserved
motifs showed that KNL-1 defines a new conserved
protein family. The human homolog is an uncharacter-
ized protein designated AF15q14, a member of a similar
protein network purified from human cells, paralleling
many of the C. elegans proteins [2].
The second, MIS group contains the highly
conserved Mis12 protein (Table 1) and the novel
proteins KNL-binding proteins KBP-1 and KBP-2.
Depletion of any of these proteins causes an interesting
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Table 1. Organization of co-purifying C. elegans kinetochore
proteins.
Protein homolog
C. elegans in human cells/
Subgroup gene name budding yeast Phenotype
KNL hcp-4 CENP-A/Cse4p No chromosome
knl-1 AF15q14/Spc105p alignment; premature
knl-3 – spindle pole
separation; no
chromosome
segregation
NDC ndc-80 Hec1/Ndc80p Disorganized
him-10 Nuf2/Nuf2p chromosome
kbp-3 Spc25/Spc25p alignment; premature
spindle pole
separation; delayed
chromosome
segregation
MIS mis-12 Mis12/Mis12p Imperfect
kbp-1 – chromosome
kbp-2 – alignment; premature
spindle pole
separation with
notable recovery; 
defects in chromosome
segregation
(Similar to kbp-4 – Similar to MIS
MIS) phenotype, but less 
severe
phenotype which suggests they are important determi-
nants of the timing and extent of production of the kine-
tochore–microtubule binding interface. In early mitosis,
cells lacking MIS proteins behave like KNL-depleted
cells: the spindle poles begin to separate prematurely,
suggesting these cells lack normal kinetochore–micro-
tubule attachments. At this early time in mitosis, kine-
tochores in these cells bind CENP-A and CENP-C
normally, but bind very low levels of all other kineto-
chore proteins tested. In late prometaphase, the direc-
tion of spindle pole movement reverses back towards
the chromosomes, and in anaphase, chromosomes are
able to segregate separated sister chromatids, albeit
with frequent errors.
Cheeseman et al. [2] argue that MIS proteins are not
directly required to form stable kinetochore–micro-
tubule attachments capable of sustaining tension,
rather that they indirectly regulate attachment by
controlling the timing of attachment site formation.
Consistent with this view, they found that, in late
mitosis in MIS-depleted cells, all kinetochore proteins
tested accumulate to nearly normal levels. The human
homolog of Mis12 is also essential for chromosome
segregation, but its exact function is unclear [5].
The third, NDC group includes the previously
characterized and highly conserved proteins NDC-80
(Hec1 in human cells) and HIM-10 (Nuf2 in human
cells) [3] (Table 1). Also included in this group is SPC-
25, a highly conserved member of the Ndc80 family
[6–8]. Spc24, a component of the Ndc80 complex in
vertebrates and yeast [6-8], was not detected in their
complex. From the observed phenotype, the authors
[2,3] suggest that NDC proteins are involved in
forming stable kinetochore–microtubule attachments.
This is expected, as members of the Ndc80 complex
are known to be essential for chromosome segrega-
tion in all organisms studied so far [6–14]. 
Cheeseman et al. [2] found that C. elegans embryos
depleted of NDC proteins exhibit premature spindle
pole separation, as in the KNL phenotype, but interest-
ingly these cells are able to make loose metaphase
plates, suggesting some kinetochore–microtubule
attachments are present. The authors suggest that the
attachments in NDC-depleted worms are not stable
and are unable to resist astral pulling forces. This is
supported by data in vertebrates: in HeLa cells,
kinetochores depleted of Ndc80 components by RNAi
are not under tension, based on the lack of centromere
stretch between sister kinetochores [12]. Although
stable kinetochore–microtubule attachments are absent
in these cells [12], transient kinetochore–microtubule
attachments are likely to occur, given the chromosome
movements seen by live-cell imaging in Xenopus tissue
culture cells injected with antibodies to Ndc80 complex
components [7]. From this and other work, Cheeseman
et al. [2] propose that NDC proteins have a direct role at
the kinetochore–microtubule interface.
How do these three sets of essential kinetochore
proteins assemble on the kinetochore to form a
functional microtubule-binding site? Cheeseman et
al. [2] addressed this question by performing pair-
wise depletion and kinetochore-targeting experi-
ments. A clear linear relationship emerges for the
KNL class of proteins, such that CENP-A targets
CENP-C, which targets KNL-3, which targets KNL-1
(Figure 1). This core set of proteins provides a plat-
form on which the kinetochore–microtubule interface
is built. The obvious linearity ends here, and the
remaining proteins within the network interact in a
more arcane manner. 
The NDC proteins require KNL-1 for kinetochore
binding, which seems to extend the linear relationship,
with KNL-3 targeting KNL-1 which targets the NDC
proteins. Desai et al. [3], however, have previously
shown that, not only is NDC80 dependent on KNL-1,
but the reverse is true to some extent (Figure 1),
suggesting that the stability of KNL-1 at kinetochores
is also dependent on the NDC proteins. The MIS pro-
teins do not require KNL-1 for kinetochore binding,
but do require KNL-3, indicating a branch of the
pathway (Figure 1). But the MIS proteins are required
themselves for timely accumulation of both KNL-3 and
KNL-1, suggesting some sort of feedback loop: for
example, binding of MIS proteins by KNL-3 might sta-
bilize KNL-3 binding both to CENP-C, which keeps it
bound to the kinetochore, and to KNL-1, which in turn
recruits the NDC proteins.
How does the pathway of protein assembly
described by Cheeseman et al. [2] fit with data from
vertebrates? At first glance, the pathways may seem
quite different. For example, in C. elegans, CENP-A
and CENP-C are absolutely required for the formation
of functional kinetochores and chromosome align-
ment [4]. But human cells depleted of CENP-A by
RNAi do not completely fail to align chromosomes [5],
suggesting redundant pathways exist for building a
kinetochore–microtubule interface. The Yanagida
group has been accumulating data that in human
cells, Mis12 is loaded onto the kinetochore
independently of CENP-A and is required, like CENP-A,
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Figure 1. Proposed molecular hierarchy of kinetochore
assembly via the KNL-3/KNL-1 pathway. 
Solid arrows represent protein localization dependencies in
C. elegans [2,3]. Open arrows represent localization dependen-
cies from studies in vertebrates (see text). The arrows in the
drawing likely represent a limited set of the possible interac-
tions between proteins. Not shown are the roles of CENP-I and
CENP-H in recruiting NDC-80 components to the kinetochore
in vertebrate cells (reviewed in [15]), nor the potential roles of
Bub1 in recruiting other spindle checkpoint components includ-
ing Mad1 to kinetochores (reviewed in [1]).
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for the recruitment of proteins close to the kineto-
chore–microtubule interface [5]. Mis12 and CENP-A
are both required for targeting of the kinetochore pro-
teins CENP-I and CENP-H, depletion of which causes
severe chromosome segregation defects (reviewed
[15]). In chicken cells, CENP-I and CENP-H are
required for Ndc80 complex components Hec1 (NDC-
80) and Nuf2 (HIM-10) to be present at high levels at
kinetochores [14]. But in cells depleted of CENP-I or
CENP-H, low levels of the Ndc80 complex compo-
nents can still be detected [14]. 
These observations suggest there are two ways of
binding the Ndc80 complex to kinetochores: one
pathway that requires Mis12, perhaps via CENP-I
and CENP-H; and another that requires CENP-A and
other, unidentified downstream components. It will
be interesting to determine if the human KNL-1
homolog, AF15q14, functions in this pathway, and
how CENP-I and CENP-H fit into the network of pro-
teins shown in Figure 1. The new work of Cheeseman
et al. [2] entices one to speculate that Mis12 may
also play a role in the regulation of the timing and
extent of the vertebrate kinetochore–microtubule
interface. Mis12 may stabilize binding of CENP-I and
CENP-H to the kinetochore via CENP-A; loss of
Mis12 would then result in weak and inefficient
binding of the Ndc80 complex components, a sce-
nario that has not yet been tested. 
In addition to its role in stable kinetochore–micro-
tubule attachment, the Ndc80 complex has also been
shown to be important in vertebrate cells for retaining
at unattached kinetochores on unaligned chromo-
somes the spindle checkpoint proteins Mps1, Mad1
and Mad2, and the motor protein dynein and its
associated proteins ZW10 and the dynactin complex,
[7,11–13,16]. Martin-Lluesma et al. [11] found evidence
that, in human cells, Mad1 interacts with Hec1
(Ndc80). And Cheeseman et al. [2] showed that their
conserved protein network purified from human cells
— containing all four Ndc80 complex components –
includes the protein Zwint. This ZW-10-interacting
protein localizes to human kinetochores throughout
mitosis and may target dynein and its associated pro-
teins to the kinetochore [17]. Figure 1 includes a sug-
gested dependence between the Ndc80 complex and
the above spindle checkpoint and dynein/dynein-
associated proteins. 
Still to be identified in metazoan cells are the
kinetochore proteins that link the Ndc80 complex to
the microtubule lattice — there is currently no
evidence that it binds microtubules on its own. In
budding yeast, a protein network that includes
microtubule-associated proteins (MAPs), known as
the Dam1 complex, is critical for this linkage [18,19].
In human cells, RanBP2 and RanGAP1 are needed
for stable microtubule attachment to kinetochores,
but do not affect the localization of the Ndc80
complex to kinetochores [20]. Whether these pro-
teins have a regulatory function, or are part of the
linkage to the microtubule lattice, is not known. It is
clear, however, that finding the functionally equiva-
lent proteins of the Dam1 complex in metazoan cells
is a key step in understanding how kinetochores
couple the polymerization and depolymerization of
attached microtubules into force production for
chromosome alignment and segregation. 
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